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Abstract

Mesoporous titanium dioxide nanocrystalline powders were synthesized by ultrasonic-induced hydrolysis reaction of tetrabutyl titanate
(Ti(OC4Hy)4) in pure water without using any templates or surfactants. The as-prepared samples were characterized with X-ray diffraction
(XRD) and N, adsorption—desorption measurements. The photocatalytic activity of the samples was evaluated using the probe reaction: the
photocatalytic oxidation of mixture of formaldehyde and acetone at room temperature. It was found that the as-prepared products by the
ultrasonic method were composed of anatase and brooktie phases. The photocatalytic activity of the samples prepared by ultrasonic methoc
is higher than that of commercial Degussa P25 and the samples prepared by conventional hydrolysis method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction point of view of practical use and commeri@. To achieve
this purpose, mesoporous Ei@as attracted much attention

In 1972, Fujishima and Honda discovered the photocat- due to its high surface area and large uniform pores.
alytic splitting of water on TiQ electrodeq1]. This event Various mesoporous materials have been synthesized via
marked the beginning of a new era in heterogeneous photo-conventional approaches using surfactants as templates based
catalysis. Since then, the investigation of 7ikas becomea  on aliquid crystal template mechani¢h®]. These methods
hotissue. Inrecentyears, in order to solve the increasingly se-often require a long time and multiple-step procedures. Sono-
rious problems of environmental pollution, various advanced chemistry has been proven to be an excellent method for the
techniques were applied in the fields of environmental pro- preparation of mesoporous materifl4,12] It arises from
tection. Heterogeneous photocatalysis is a popular techniqueacoustic cavitations, the formation, growth, and implosive
that has great potential to control aqueous organic contami-collapse of bubbles in a liquid. The collapse of bubbles gen-
nates or air pollutants. Among various oxide semiconductor erates localized hot spots with transient temperatures of about
photocatalyst, titanium dioxide has proved to be the most 5000 K, pressure of about 20 MPa, and heating and cooling
suitable catalysts for widespread environmental application rates greater than 1& s—1 [13,14] These conditions accel-
because of its biological and chemical inertness, strong ox- erate the hydrolysis reaction.
idizing power, non-toxicity and long-term stability against In this work, the mesoporous TiOnanocrystalline
photo and chemical corrosi¢2-8]. However, the photocat-  photocatalysts with bi-phase structure were prepared by
alytic activity of TiO, must be further enhanced from the sonochemical method without using any templates and sur-

factants at the room temperature. The as-prepared samples
* Corresponding author. Tel.: +86 27 87883610; fax: +86 27 87883610, Were characterized with X-ray diffraction (XRD) and;N
E-mail addressjiaguoyu@yahoo.com (J. Yu). adsorption—desorption measurements. The photocatalytic
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activity of the as-prepared samples was evaluated by thewere degassed at 353K, and P25 and the calcined samples

photocatalytic oxidation of the mixture of formaldehyde and were degassed at 453 K prior to nitrogen adsorption mea-

acetone in air. surements. The BET surface area was determined by multi-
point BET method using the adsorption data in the relative
pressure®/Pp) range of 0.05-0.3. The desorption isotherm

2. Experimental was used to determine the pore size distribution using the
Barret—Joyner—Halender (BJH) method with cylindrical pore
2.1. Synthesis size[19]. The nitrogen adsorption volume at the relative pres-

sure P/Pg) of 0.994 was used to determine the pore volume
Tetrabutyl titanate (Ti(OgHg)4, TBOT) was used as ati-  and average pore size.

tanium source. TBOT (8.8 ml) was added dropwise to 40 ml
pure water in a 100 ml beaker under irradiation with a high 2.3. Measurement of photocatalytic activity
intensity ultrasonic horn (6.3 mm diameter Ti-horn, 20 kHz,
and 1200 W/crhat 50% efficiency) (KS-1200: Ningbo Kesh- Formaldehyde and acetone are indoor air pollutants in
eng Ultrasonic Equipment Co. Ltd., Zhejiang, China) for modern houses, which have been the subject of numer-
45 min. The ultrasonic systemis 2 s onand 2 s offin air during ous complaints regarding health disorders, such as nausea,
the whole reaction. After ultrasonic reaction, the precipitate headache, fatigue, dullness and thi2g,21]. These volatile
was centrifuged and washed with distilled water. Then the harmful gases come from plywood, particleboard and adhe-
wet gel was dried under an IR lamp and the temperature wassives for wall clothes, commonly used in construction and
below 373 K. The obtained white xerogel powder was labeled furnishing. In order to improve indoor air quality (IAQ),
as Ti-US373. The xerogel powder was calcined at 573 andthese volatile organic compounds (VOC) must be eliminated.
773K for 2h, labeled as Ti-US573 and Ti-US773, respec- Therefore, we choose formaldehyde and acetone as model
tively. As reference experiments, samples were also preparectontaminates. Photocatalytic oxidations of formaldehyde and
by conventional hydrolysis method without ultrasonic irradi- acetone are based on the following reactighs,22}
ation, and all other conditions keep the same. The obtained

samples at 373, 573 and 773K were labeled as Ti-CH373,HCOH + O2 — CQO, 4+ H20 )
Ti-CH573 and Ti-CH773, respectively. CH3COCH; + 40, — 3CO, + 3H,0 3
2.2. Characterization The photocatalytic activity experiments on the prepared

TiO, powders and Degussa P25 (P25) for the oxidations of
The X-ray diffraction (XRD) patterns obtained on a formaldehyde and acetone in air were performed at ambi-
diffractometer (type HZG41B-PC) using CuaKradiation ent temperature using a 15 L photocatalytic reactor. The cat-
at a scan rate ¢ of 0.05 s~ were used to determine the alysts were prepared by coating an agqueous suspension of
identity of any phase present and their crystallite size. The TiO, powders onto three dishes with a diameter of about
accelerating voltage and the applied current were 15kV and7.5cm. The weight of catalysts used for each experiment
20 mA, respectively. Titania has three different crystalline was kept 0.3g. The dishes containing catalysts were dried
phases: rutile, anatase and brookite. Rutile is a thermody-in an oven at 373K for 2.5h to evaporate the water and
namic stable state while the latter two phases are metastabléhen cooled to room temperature before used. After sample-
state. The phase content of a sample can be calculated frontoated dishes were placed in the reactor, a small amount of
the integrated intensities of anatase (1 0 1), rutile (11 0) andformaldehyde and acetone was injected into the reactor with
brookite (121) peaks. If the sample contains anatase anda syringe. The reactor was connected to a GaGhtaining
brookite phases, the mass fraction of brookite can be calcu-dryer used for controlling the initial humidity in the reac-
lated according to Eq1) [15-18] tor. The analysis of formaldehyde, acetone, carbon dioxide,
272148 and_ Wate_r vapor concentrz_ition in th_e reactor_ was conducted
= Q) on line with a Photoacoustic IR Multigas Monitor (INNOVA
0.88644 +2.7214p Air Tech Instruments Model 1312). The formaldehyde and
whereAa andAg represent the integrated intensities of the acetone vapor were allowed to reach adsorption equilibrium
anatase (101) and brookite (12 1) peaks, respectively. Thewith catalysts in the reactor prior to UV lightirradiation. The
average crystallite sizes of anatase and brookite were deterinitial concentration of formaldehyde and acetone after ad-
mined according to the Scherrer equation using the full-width sorption equilibrium were controlled to 25020 ppm, which
half-maximum data of each phase after correcting the instru- remained constant for about 2—3 min untila 15 W 365 nm UV
mental broading15-18] lamp in the reactor was turned on. Integrated UV intensity
The Brunauer—Emmett—Teller (BET) surface args:f) in the range 310-400 nm striking the coatings was measured
of the samples was analyzed by nitrogen adsorption in anwith a UV radiometer (Model: UV-A, made in Photoelec-
AUTOSORB-1 (Quantachrome Instruments) nitrogen ad- tric Instrument Factory of Beijing Normal University) was
sorption apparatus. The as-prepared xerogel samples at 373 K20+ 10 uW/cn¥?, while the peak wavelength of UV light
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was 365 nm. The initial concentration of water vapor was anatase and brooktie phase of Fj@vhich was consistent

1.20+ 0.01 vol.%, and the initial temperature was23 °C.

Each set of experiment was followed for 50 min.
The photocatalytic activity of the samples can be quan- grain size of all samples became bigger (as showaiie J).
titatively evaluated by comparing the removal efficiency of However, it was noteworthy to note that nanocrystalline;TiO

formaldehyde and acetoni (%)). R (%) was calculated ac-

cording to the following equation:

R (%) =

where [gag] and [gas]represent the initial equilibrium con-
centration and reaction concentration of formaldehyde or ace-

[gash — [gas]

x 100%

[gash

tone, respectively.

3. Results and discussions

3.1. XRD study

with our previous wor§16—18] With increasing calcination
temperature, the peaks became sharp. This implied that the

formed before heating treatment. This was ascribed to the
fact that the implosive collapse of bubbles in a liquid solution
could produce extremely high temperature during ultrasonic-
induced hydrolysis, which accelerated the reaction of hydrol-
ysis and promoted to the formation of anatase and brooktie
phases.

Fig. 1(b) shows the XRD patterns of the samples prepared
by conventional hydrolysis method. The phase structure of
the samples prepared by conventional hydrolysis method was
obviously different from that of the samples prepared by
ultrasonic-induced hydrolysis method (as showfig 1(a)).

At 373K, the as-prepared xerogel powder was amorphous.
This was probably due to the fact that when alkoxide was
hydrolyzed in water without sonication at room temperature,

XRD was used to investigate the phase structures and averthere were a large amount of unhydrolyzed alkyls remained in

age crystallite size of the as-prepared I@wdersFig. 1(a)

the xerogel. These alkyls prevented crystallization to anatase

shows the XRD patterns of the Ti@owder samples prepared S0 that powders were amorphous by adsorbing on the surfaces
by ultrasonic method and calcined at different temperatures.of TiO2 particles[23]. At 573 K, the XRD diffraction peaks
The diffraction peaks of all samples were indexed with the of anatase appeared due to crystallization of,TiYom 573

Relative intensity

Relative intensity

Fig. 1. XRD patterns of Ti-US samples (a) and Ti-CH samples (b) calcined
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at different temperatures. A: anatase, B: brookite.

to 773K, the diffraction peak intensities of anatase slightly
increased and the width of the (1 0 1) plane diffraction peak of
anatase (2=25.4) became narrower. At 773K, the crystal-
lite size of anatase reached to 56.6 nm (as showalte J).

The rapid increase of anatase crystallite size was attributed
to the fact that the phase transformation of amorphous to
anatase occurred at about 573 K and combustion of residual
organic components in xerogel caused the growth of anatase
crystallites by providing the heat of phase transformation and
combustion.

3.2. BET surface areas and pore distribution

Fig. 2a) shows the nitrogen adsorption—desorption
isotherms of the samples prepared by ultrasonic method. All
Ti-US samples showed the isotherms of type IV (BDDT clas-
sification)[19]. At high relative pressures from 0.4 to 1.0, the
isotherms exhibited hysteresis loops of type H3, indicating
that the powders contained mesopores (2—50 nm). With in-
creasing calcination temperature, the hysteresis loops shifted
to the region of higher relative pressure and the areas of the
hysteresis loops gradually became small.

Fig. 2(b) shows the nitrogen adsorption—desorption
isotherms of the samples prepared by conventional hydroly-
sis method. It could be seen that the adsorption—desorption
isotherms of the samples prepared by conventional hydrolysis
method were obviously different from those of the samples
prepared by ultrasonic-induced hydrolysis method (as shown
in Fig. 2a)). The isotherm of Ti-CH373 was a combination of
types | and IV (BDDT classification) with two very distinct
regions: at low relative pressure, the isotherm exhibited high
adsorption, indicating that the powder contained micropores
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Table 1

Effects of calcination temperature and preparation method on physical properties;gicki@er photocatalyst

Sample Phase contént Crystalline size (nn) Surface area (Aig)° Pore volume (ml/d) Average pore size (nift)
Ti-US373 A (75%) + B (25%) 3 2645 0.285 4.3

Ti-US573 A (81%) + B (19%) (4 2020 0.286 5.7

Ti-US773 A (63%) + B (37%) 1@ 97.3 0.222 9.1

Ti-CH373 Am - 4601 0.280 24

Ti-CH573 A 142 849 0.112 5.3

Ti-CH773 A 566 59 0.001 6.0

P25 A (80%) + R (20%) 30 630 0.060 3.8

a A, B, R and Am denote anatase, brookite, rutile and amorphous, respectively.

b Average crystalline size of Tiwas determined by XRD using Scherrer equation.

¢ The BET surface area was determined by multipoint BET method using the adsorption data in the relative #%3usn@e 0.05-0.3.
d Pore volume and average pore size were determined by nitrogen adsorption volume at the relative pressure of 0.994.

(type ). However, at high relative pressure between 0.5 andthe bigger pores, so the small pores collapsed firstly during
1.0, the curve exhibited a very small hysteresis loop, indicat- calcination. The other was that the bigger crystallites aggre-
ing the presence of mesopores (type V). The isotherm of the gation could form bigger pores. Therefore, with increasing
Ti-CH573 exhibited a hysteresis loop at relative pressure be-calcination temperature, the pores became bigger while pore
tween 0.5 and 0.8, indicating that the presence of mesoporevolume became smaller.
While the Ti-CH773 sample almost had no hysteresis loop, It could also be seen frorkig. 2d) that the pore size
indicating that all the pores collapsed during calcination and distribution curves of the samples prepared by conventional
the total pore volume was very small. hydrolysis method at different temperature were very differ-
Fig. 2c) shows the pore size distribution curves of the ent. At 373K, the Ti-CH373 sample had a wide pore size
samples prepared by ultrasonic method. It could be seendistribution from micropore to mesopore. With increasing
that the diameter range of pores were located at from 2.0 calcination temperature, at 573 K, the Ti-CH573 sample had
to 16.0 nm and the average diameter of pores did not exceeda typical mesoporous pore distribution. However, at 773K,
10nm (as shown iffable 1. The formation of mesoporous the pore size distribution curve turned into a line, indicating
structure in the samples was attributed to the aggregation ofthe disappearance of pores.
TiO, particles[22,24] With increasing calcination tempera- Table 1shows the effects of preparation method and cal-
ture, the average pore size increased from4.3t0 9.1 nm. Thereination temperature on the physical properties of the as-
were two factors resulting in the increase of pore size. One prepared samples. It could be seen frdable 1that the
was that the smaller pores endured much greater stress thaii-US373 sample prepared by ultrasonic method showed a
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Fig. 2. Adsorption—desorption isotherms (a and b) and pore size distribution (c and d) of Ti-US samples (a and c) and Ti-CH samples (b and d).
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Fig. 3 shows that the samples prepared by ultrasonic
method had better activities than the samples prepared by
conventional hydrolysis method. This was attributed to the
fact that the samples prepared by ultrasonic method had a
bi-phase structur§9,12]. At 373K, the Ti-US373 sample
showed decent photocatalytic activity and the removal effi-
ciency of formaldehyde and acetone were 86.0% and 8.0%,
respectively. For the removal of acetone, the photocatalytic
activities of Ti-US373, Ti-US573 and Ti-US773 samples
greatly exceeded that of Degussa P25 (the removal efficiency
of formaldehyde and acetone are 85.0% and 5.0%, respec-
tively.). This might be attributed to the fact that the former
had a larger specific surface area, smaller crystallite size, etc.
For the Ti-US samples, with increasing calcination tempera-
ture, the photocatalytic activities of Ti-US373, Ti-US573 and
Ti-US773 samples steadily increased. This was probably due
Fig. 3. The_re_moval efficiency offormaldghyde and_ acetone: dark gray isthe to the enhancement of crystallizatifn12,25] While for the
removal efficiency of formaldehyde and light gray is the removal efficiency Ti-CH373 sample, it showed a very low photocatalytic activ-
of acetone. . .. .

ity and the removal efficiencies of formaldehyde and acetone

were 35.0% and 3.0%, respectively. For all Ti-CH samples,

large specific surface area and pore volume, and its values ; o 4
only the photocatalytic activity of Ti-CH573 approached to
reached 264.5 g and 0.285 crilg, respectively. With in- y P y y PP

. Tl o that of Degussa P25. This might be ascribed to the following
creasing calcination temperature, the specific surface areag, s that. at low temperature (373K), the Ti-CH373 sam-
apd pore vo'lumes steadily decrea;,gd due to the growth OfpIe prepared by conventional hydrolysis method was amor-
TiO2 crystalhtes_. At 773 K, the specific surface area and pore phous, while the Ti-US373 sample prepared by ultrasonic
\(/)ozllér;en%; the T"US.W? sz(i)mplhe deﬁreaﬁeddtofgﬂr?an_dCH method was nanocrystallite. Therefore, the Ti-CH373 sam-
) cn/g, respectively. On the other hand, for the TI-CH ple showed a low photocatalytic activity. At high temperature
samp[es prepared by conventional hydrolysis methoq, the|r(773 K), theSaeT and total pore volume of the Ti-CH773 sam-
specific surface area, pore volume and average pore size drasF-)Ie were much smaller than those of the Ti-US773 samples

tically decreased with increasing calcination temperature. At ; . :
. and P25. Therefore, the photocatalytic activity of Ti-US773
373K, the Ti-CH373 sample showed a very laBgeT value sample significantly decreased.

of 460.1nf/g. This was probably due to the fact that its
phase structure appeared amorphous. From 373 to 573K, the
phase transformation from amorphous to anatase occurred4
At 573K, the average crystallite size of anatase was 14.2 nm.
At 773K, the average crystallite size of anatase increased
to 56.6 nm. Why the calcination had a greater effect on the

crystallite size of the Ti-CH samples than the Ti-US samples?

This was assigned to the fact that the phase transformation
of amorphous to anatase and combustion of residual organic
components in the Ti-CH samples promoted the crystalliza-
tion and the growth of crystallite size.

100 +

80

60

40

Removal effiency (%)

20+

Ti-US773 Ti-CH573
Ti-US573 Ti-CH373 Ti-CH773

Ti-US373 P25

. Conclusion

1. Highly photocatalytic active mesoporous nanocrystalline
TiO, powder photocatalyst could be prepared using a
sonochemical technique without using any templates or
surfactants at low temperature. The sonication promoted
the hydrolysis of TBOT, crystallization of Ti®and for-
mation of mesopore.

All the samples prepared by ultrasonic method showed
better photocatalytic activities than Degussa P25 and the
samples prepared by conventional hydrolysis method.
This may be ascribed to the facts that the samples prepared

2.

3.3. Photocatalytic activity

Fig. 3shows that the comparison of photocatalytic activity
of the as-prepared samples by the ultrasonic-induced hydrol-
ysis and conventional hydrolysis method and P25. It could 3.
be seen fronfrig. 3that the removal efficiency of formalde-
hyde R (%)) was obviously higher than that of acetone for
all catalysts. This might be due to the fact that acetone con-
tained more carbon atoms and had greater space hindrance
than formaldehydeFig. 3 also showed that the removal ef-
ficiencies of formaldehyde for all the catalysts were similar
and had no distinct difference. Hence, it could be inferred

by ultrasonic method have high specific surface area, small
particle size and bi-phase structures.

The formaldehyde is more easily photocatalytic decom-
posedthan acetone duetoitsless carbon atoms and smaller
space hindrance.
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